We experimentally demonstrate that a femtosecond frequency comb laser can be applied as a tool for longdistance measurement in air. Our method is based on the measurement of cross correlation between individual pulses in a Michelson interferometer. From the position of the correlation functions, distances of up to 50 m have been measured. We have compared this measurement to a counting laser interferometer, showing an agreement with the measured distance within 2 m (4 ϫ 10 −8 at 50 m). © 2009 Optical Society of America OCIS codes: 320.7100, 320.2250, 320.1590 Traditional techniques for long-distance measurements are often based on optical interferometry when the demands on accuracy rise. Most of these interferometric techniques rely on incremental measurements of phase accumulation. A priori knowledge of the distance to be measured is required or a complex multiwavelength system may be needed. In 2004, Ye [1] proposed a simple scheme for measuring long distances in space with a stabilized femtosecond frequency comb. The scheme is based on a Michelsontype interferometry with optical interference between individual pulses. The technique proposed by Ye has been demonstrated for interferometric measurement of short displacement [2, 3] . The main advantage of applying a frequency comb for distance measurement is the large range of nonambiguity, which is determined by the cavity length of the pulsed laser, ranging from about 30 cm to 3 m. It is thus not necessary to rely on incremental measurement of the optical phase. The ambiguity is easily overcome by, e.g., a laser distance meter. The stabilized frequency comb has been applied as a source in various distance measurement schemes [4, 5] . In this Letter, we demonstrate distance measurements of up to 50 m in air by analyzing the cross correlation between pulses emitted from a stabilized frequency comb source. We have implemented a model of pulse propagation in air to account for the effect of air dispersion on the measured cross-correlation functions. The measurement results obtained with the frequency comb and a conventional counting laser interferometer are compared.
Traditional techniques for long-distance measurements are often based on optical interferometry when the demands on accuracy rise. Most of these interferometric techniques rely on incremental measurements of phase accumulation. A priori knowledge of the distance to be measured is required or a complex multiwavelength system may be needed. In 2004, Ye [1] proposed a simple scheme for measuring long distances in space with a stabilized femtosecond frequency comb. The scheme is based on a Michelsontype interferometry with optical interference between individual pulses. The technique proposed by Ye has been demonstrated for interferometric measurement of short displacement [2, 3] . The main advantage of applying a frequency comb for distance measurement is the large range of nonambiguity, which is determined by the cavity length of the pulsed laser, ranging from about 30 cm to 3 m. It is thus not necessary to rely on incremental measurement of the optical phase. The ambiguity is easily overcome by, e.g., a laser distance meter. The stabilized frequency comb has been applied as a source in various distance measurement schemes [4, 5] . In this Letter, we demonstrate distance measurements of up to 50 m in air by analyzing the cross correlation between pulses emitted from a stabilized frequency comb source. We have implemented a model of pulse propagation in air to account for the effect of air dispersion on the measured cross-correlation functions. The measurement results obtained with the frequency comb and a conventional counting laser interferometer are compared.
A mode-locked Ti:sapphire laser is the frequency comb source, with both the repetition frequency and the carrier-envelop offset (CEO) frequency referenced to a cesium atomic clock (Fig. 1) . The pulse duration is 40 fs, and the repetition rate f r is locked at approximately 1 GHz, corresponding to a pulse to pulse distance l pp = c / ͑n g f r ͒ of 30 cm. Here c is the speed of light in vacuum and n g is the group refractive index at the center wavelength. The CEO frequency f 0 is fixed at 180 MHz. The center wavelength of the pulses is 815 nm, with an FWHM of about 20 nm. After collimation the beam is sent to a Michelson interferometer. One part of the beam is reflected by a hollow corner cube mounted on a piezoelectric transducer (PZT) along the short reference arm. The length of the short arm can be scanned by a translation stage. The other part of the beam is reflected by two mirrors and propagates along the long measurement arm. One of the mirrors is coated for high transmission at 633 nm for comparison with a helium-neon (He-Ne) laser interferometer. The long measurement arm consists of a hollow corner cube mounted on a mechanical car that can move along a bench of 50 m. A parallel plate is used in the long arm to compensate the dispersion of the plate beam splitter. The returning beams are overlapped and focused on an avalanche photodiode (APD). A coherence maximum appears when the total path length difference between both arms is a multiple of l pp . Firstorder cross-correlation functions are then obtained by modulating the PZT at 50 Hz with a sine modulation within a range of 80 m. The beam of a He-Ne laser interferometer copropagates with the frequency comb and measures the displacement of the long arm independently.
The measurement is carried out by first placing the mechanical car with the retroreflector in the long arm at the closest possible position to the dichroic mirror. At this position the path length difference between both arms is 0.9 m. The cross-correlation pattern is located by moving the translation stage and recorded by scanning the PZT. Subsequently the mechanical car is moved over a distance of about 10 m (corresponding to a path length change of 68l pp ), such that another cross-correlation pattern is located and recorded. At each position five correlation patterns have been recorded and the entire procedure has been repeated six times. Similar measurements have been done by moving the mechanical car over 20, 30, 40, and 50 m (corresponding to path length changes of 136, 204, 272, and 339 times the pulse to pulse distance, respectively).
Considerable broadening and chirp are observed in the correlation patterns because of the dispersion of the pulse in air. To determine the effect of dispersion on the measured distance, a numerical model based on plane-wave propagation has been developed. Assuming that the environmental conditions are identical in both arms and the intensities of the two beams are equal, we can write
Here k m =2n͑ m ͒ / m and n͑ m ͒ is the refractive index of air at the wavelength m , which can be determined by the updated Edlén equation [6] . The pulses propagating along the two arms of the interferometer travel distances d 1 and d 2 , respectively. The range of the integer m is chosen such that all contributing frequency comb modes (with frequencies of f m = f 0 + mf r ) are taken into account. The intensity can be written as
where E 1 and E 2 are complex and I is always nonnegative. Therefore we get
The spectral content of the pulse has been extracted from an autocorrelation measurement at zero path length difference. The results have been compared with an independent measurement made with an Ocean Optics spectrometer (Fig. 2) . The spectrum has a maximum at 815 nm and an FWHM of 22 nm. The spectrum obtained from the autocorrelation measurement has been used to determine the pulse propagation according to Eq. (2).
The experimentally measured cross correlations compared with our numerical model are shown in Fig. 3 . The amplitude of the cross-correlation function drops to 30% after 50 m propagation in air. This decrease in amplitude can be explained by the divergence of the beam and the fact that only some parts of the beam reflected back impinges on the APD. The experimental and numerical correlation patterns show good agreement in shape and broadening.
The measured distance has been extracted from the position of the maximum of the cross correlations, which is found by curve fitting the envelope with a Gaussian. Owing to group velocity dispersion in air, the position of maximum coherence, i.e., the peak of the correlation function at different positions, does not exactly overlap with a multiple of l pp , which is calculated from f r and the group refractive index at the maximum wavelength of the spectrum. The distance that the peak of the correlation pattern is shifted is given by d chirp . This value depends on the spectral content and the distance traveled. For distances of up to 50 m, the value varies from 0.5 to 0.8 m as shown in Table 1. The distance measured is then given by 
with p being an integer number. For each distance the maxima of the correlation patterns before and after the movement were located by fitting Gaussian profiles through them. Since the displacement can only approximately be set to a multiple of l pp , the peaks do not appear at exactly the same PZT position (as can also be seen in Fig. 3 ). This is taken into account by the calibration of the PZT. From the relative peak position the correction term ␦ is obtained and added in Eq. (4), such that the real displacement is retrieved. Figure 4 shows the results obtained as compared with a fringe counting wavelength calibrated He-Ne laser. Each data point has been averaged from six independent measurements for both lasers. From the figure, it can be seen that the measurements using the frequency comb laser agree with the reference measurement done with the He-Ne laser within 2 m.
During the measurement, the temperature, the pressure, and the humidity have been monitored. The variation and the uncertainty on the measurement of these environmental parameters limit the accuracy in measuring the absolute distances. For example, a typical uncertainty of 0.2°C in temperature or 0.5 hPa in pressure already leads to an uncertainty of the refractive index of air of about 5 ϫ 10 −7 , which corresponds to 25 m at 50 m. Moreover the updated Edlén equation itself has an intrinsic uncertainty of 3 ϫ 10 −8 . The influences of the environmental parameters on the refractive index of the wavelengths at both the He-Ne laser and the frequency comb cancel in the first order. This is the reason why the agreement between the experimental results is much better than 25 m. We attribute the residual difference and the uncertainty of the comparison measurement to vibrations in the setup and air turbulence. The agreement between the frequency comb and the He-Ne laser is much better than the achievable absolute accuracy in air, showing that the measurement result is not limited by the method chosen.
In conclusion, we demonstrated that the frequency comb is a suitable source for distance measurement. In our experiment, we fixed the position of the reference arm and moved the measurement arm close to a multiple of the cavity length. The method can be generalized for measuring arbitrary distances. In this case the short arm needs to be moved over a calibrated distance to obtain the correlation. The frequency comb has the advantage of a large nonambiguity range and depending on the linewidth of the particular comb source, coherence lengths of tens of kilometers or more are feasible. This is a good property to expect that this method can be applied to measure very long distances, especially in space where the dispersion of air is absent. 
